The common way to perform five-axis machining is to generate the toolpaths by using CAM software, which usually considers only the interference between the tool and the workpiece. However, in the actual machining process, either the tool assembly may collide with the worktable, or one of the axes may travel over its limits. Once these problems occur, then re-adjustment of the setup location of the workpiece or the tool axis in the CAM software are needed to resolve the problems. Because both are based on trial-and-error, there is no guarantee that the readjustments will work. The objective of this research was to develop an algorithm to compute the domain where the workpiece can be set up without the mentioned problems. The algorithm first calculates machinable domains for all orientations of the tool axes along the toolpaths without traveling over-limit. The intersection of the domains, called initial machinable domain, is where the workpiece can be set up without traveling over the limits of the axes. The next step is to calculate the total interference domain where interference between the tool assembly and the worktable may occur. Subtracting the total interference domain from the initial machinable domain yields the machinable domain where neither over-limit nor interference between the tool assembly and the worktable will occur. Two cases are presented to demonstrate the feasibility of the proposed method. The results in both cases were verified by CAM simulation. The innovation of this research is to propose a method to compute the machinable setup domain which can directly show the setup location without the over-limit and interference issues during the machining process, especially the interference issue between machine components. In addition, it can eliminate the trial-and-error in CAM planning and make the setup domain visible, which makes it convenient and confident for the CAM engineer to determine the setup location. the over-limit problem even though its cutting paths can be generated (Chen and Ahmed, 2016). On the other hand, although many CAM systems have the capability to check the interference between the tool and the workpiece, they usually do not check the interference between the tool assembly (including the tool, the tool holder, and part of the spindle) and the worktable. This over-limit or interference problem can be identified during the simulation of the machining process if the CAM software is equipped with the options. Otherwise, it may be difficult to find the problems during the actual machining process. If such problems occur, two methods based on trial-and-error are usually used: First, adjust the setup location of the workpiece. Second, modify the orientation of the tool axes in the CAM software and regenerate the toolpaths. However, there is no guarantee that either method will work. A more systematic method is needed to resolve such problems.
Introduction
Five-axis machining is usually used to fabricate workpieces with complicated curved surfaces. Compared to threeaxis machining, five-axis machining has many advantages: The workpiece can be machined in a one-time setup so that the errors introduced by multiple setups can be reduced. Shorter cutters can be used to reduce the vibration of the tools. A side cut can be performed to increase the machining efficiency. Dead-point machining can be avoided to enhance the surface finish.
A common five-axis machine tool has three linear axes as well as two rotary axes. Based on the location of the two rotary axes, a five-axis machine tool can be categorized into three types, which include table-table, head-table, and headhead. In this paper, we only consider the table-table type (AC type). However, the results can be readily extended to the other two types. If we consider the five-axis machine tool as a spherical coordinate system, then the two rotary axes control the two angular coordinates of the spherical system to align the tool to the desired orientation, and the three linear axes move the tool to the desired location. However, the axes have limits, so a workpiece may not be machined due to Visualization of the setup location of a workpiece for five-axis machining
CAM and the machine tool
Any CAM software that can generate CL (cutting location) data can be used as a tool for our proposed algorithm. In this research, we used NX (Siemens, Germany) to generate the CL data for further analysis.
For this study, we need information about the axis limits of a machine tool and the geometry of its worktable. Here, we adopted the information from our table-table five-axis machine tool (Model number UX300, Quaser, Taiwan). The limits for each axis are listed in Table 1 . To simplify the computational complexity, we used rectangular cuboids, 20sided prisms, and cones to represent the worktable and the tool assembly. The original model and the simplified model of them are shown in Fig. 1 . As shown in Fig. 1(a) , the original shape of worktable is a cradle geometry with two trunnion Lee and Wei, Journal of Advanced Mechanical Design, Systems, and Manufacturing, Vol.13, No.2 (2019) stages, one on each side. Because we limit the travel in the X axis between -205 mm and +205 mm as listed in Table 1 , and we have two 20-sided prisms, one on each side of the worktable, for interference analysis. It is not possible to have an interference between the tool assembly and the trunnion for the worktable model we used in the paper. Therefore, the interference between two trunnion stages and the tool assembly were not considered. However, the cradle geometry would be rotated through A axis. Thus, we had to consider the cradle geometry, which is simplified as shown in Fig. 1(b) . 
Methods
In this research, the methods we adopted to find all the possible setup locations for the workpiece without having any interference or over-limit problems are as follows: 1.
Using CAM software to generate the toolpaths for a workpiece in terms of the CL data. All the toolpaths are based on the workpiece's coordinate system.
2.
Obtaining all of the orientations of the tool axis from the CL data. To reduce the computational time, we use one orientation to represent all the orientations that are within a tolerance from the representative orientation.
3.
Finding a specific machinable domain for each representative orientation, which is the domain where the origin of the workpiece can be set up such that the tool can reach all of the interpolation points associated with the orientation. After finding all the specific machinable domains, we can calculate their intersection, which is called the initial machinable domain in this paper. The origin of the workpiece can be placed at any location in the initial machinable domain, and the tool can reach all the interpolation points in the CL data file.
4.
Determining the specific interference domain for an interpolation point per the method presented in the section based on the simplified tool assembly and simplified worktable model. To reduce the computational time, we use one interpolation point to represent all the interpolation points that are within a tolerance from the representative interpolation point.
5.
Using the total interference domain which is the union of all the specific interference domains. The total interference domain means that as long as the origin of the workpiece is placed in the domain, there is interference between the tool assembly and the worktable at some interpolation point in the CL data file.
6.
Subtracting the total interference domain from the initial machinable domain gives the final machinable domain, meaning that the tool can reach all the interpolation points and there will be no collision between the tool assembly and the worktable whenever the origin of the workpiece is set up within the final machinable domain. The workflow for finding the final machinable domain is shown in Fig. 2 . In the following, we explain, in detail, how to find the initial machinable domain, the total interference domain, and the final machinable domain. In this research, unless otherwise specified, the angular tolerance and the position tolerance are set at 5˚ and 5 mm, respectively. 
Calculation of the initial machinable domain
In this research, we approximated continuous five-axis machining as a series of fixed-axis machining so that the fiveaxis cutting toolpaths became fixed-axis ones. Before performing the approximation, we categorized the cutting toolpaths based on the angles of the rotatory axes of the five-axis machine tool.
After obtaining the CL data generated by CAM, we converted the orientation of the tool axis to the angles of the rotary axes and discretized the angular change so that we can reduce the computational time without losing too many details. There are two rotary axes for a table-table five-axis machine tool. Assuming that the tool moves from Location 1 to Location 2, the A axis needs to rotate from θa1 to θa2, and the C axis needs to rotate from θc1 to θc2. As shown in Fig. 3 , we created a rotary map, which was based on the rotatory angles of A and C axis, to describe the rotary motion as a line on the map. Then we can calculate all the intermediate angles for tool postures, such that when θa1 increases (or decreases) to θa2, θc1 also increases (or decreases) to θc2. interpolated from θa1 to θa2 in A axis and θc1 to θc2 in C axis
In the following, we introduce how to calculate the machinable domain without over-limit problems. First, we define the machinable domain as a rectangular cuboid, as shown in Fig. 4(a) . After a tool is installed, the machinable domain will be reduced in height by the length of the tool. The new machinable domain, shown in Fig. 4(b) , is the one that the tool tip can reach. Next, we consider the XYZAC table-table five-axis machine tool, for which the spindle moves in the X, Y, and Z directions, and the worktable rotates in the A and C directions. Assuming that the A and C axes rotate as shown in Fig. 4(c) , the machinable domain remains the same. If we use the original worktable as a reference, then the spindle and the machinable domain will rotate in the reverse direction, as shown in Fig. 4 Fig. 4 The steps to obtain the machinable domain at a specific orientation: (a) the original machinable domain based on the limits of the three linear axes, (b) the shifted machinable domain due to the tool length, (c) the machinable domain due to the rotations of the A and C axes, and (d) the machinable domain at the specific tool axis with reference to the original worktable After obtaining the machinable domain of the tool tip at a specific orientation, we consider the machinable domain of a cutting toolpath with reference to the origin of the workpiece coordinate system, which is located at the center of the worktable as a triad, shown in Fig. 5 . For example, assume that we have a straight cutting toolpath for a specific tool axis, as shown in Fig. 5(a) . First, we need to calculate the envelope, as shown in Fig. 5(b) , which can enclose the path. If the cutting toolpath is for the tool orientation, shown in Fig. 4(d) , then the envelope and the machinable domain can be illustrated, as in Fig. 5(c) . The envelope can move in the range from x-to x+ in the direction of x, and from z-to z+ in the direction of z, as shown in Fig. 5(d) . If we use the origin of the workpiece to represent the envelope, then the origin of the workpiece can move in the domain ranging from x-to x+ in the direction of x, and from z-to z+ in the direction of z, as shown in Fig. 5 (e). The domain shown in Fig. 5 (f) is the machinable domain corresponding to the cutting toolpath. The domain is where the origin of the workpiece can be set up so that the tool can move along the toolpath, as shown in Fig. 5(a) , without over-travel problems. Lee and Wei, Journal of Advanced Mechanical Design, Systems, and Manufacturing, Vol.13, No.2 (2019) 
The toolpath, (b) the envelope that is just enough to enclose the toolpath, (c) the machinable domain at a specific tool orientation, (d) the distances in the x and z directions that the envelope can travel without leaving the machinable domain, (e) the machinable domain in terms of the origin of the workpiece coordinate system (the origin of the toolpath), and (f) the perspective view of the machinable domain at the specific tool axis
After completing the calculation of the machinable domains for all the tool orientations, we can find the intersection of all the machinable domains, as shown in Fig. 6 . This is the initial machinable domain where the origin of the workpiece can be set up so that the complete machining can be performed without traveling over the axis limits. As expected, the domain is usually irregular-shaped, which will be discretized later in this research for computational purposes. Fig. 6 The illustration of the initial machinable domain obtained by the intersection of the machinable domains for all the tool orientations
Calculation of the total interference domain
To calculate the interference of the machine tool, we need to define the geometry of the cutting tool based on the CL data and define the dimension of the tool holder. To simplify the calculation, we defined our tool and tool holder as three components, as shown in Fig. 7(a) , and then we needed to define each portion's diameter at the bottom, diameter at the top, and length. To calculate the interference, we also need to have the geometry of the worktable, which usually consists of rectangular cuboids, as shown in Fig. 7(b) , and cylinders. In this research, the cylinder is approximated by the 20sided prism, shown in Fig. 7(c) , to simplify the computation.
For each of the tool components shown in Fig. 7 , two types of interference are defined in this research, as shown in Fig. 8 , which are the interference regarding the bottom surface of the tool component, shown in Fig. 8(a) , and the interference regarding the side surface of the tool component, shown in Fig. 8(b) . The idea of the interference regarding the bottom surface of the tool component is to use the bottom surface to touch the worktable components in the orientations specified in the CL data file to define the interference boundaries in terms of the tool component center, which is located at the center of the tool component's bottom surface. On the other hand, the idea of the interference regarding the side surface is to use the side surface to touch the worktable components in the orientations specified in the CL data file to define the interference boundaries in terms of the tool component center as well. It follows that we connect all the boundaries and extrude the edges of the boundaries along the tool axis to the limit plane. The limit plane is determined by the length of the tool assembly, as illustrated in Fig. 8(c) . Then, we can obtain the interference domain based on the boundaries and the limit plane. First, we need to find the surfaces that the tool can contact. We use the following equation to find the angle between the tool axis and the surface's normal θ1:
where T is the tool axis vector, and N is the normal vector of the worktable surface. Both can be seen in Fig. 9(a) .
T represents the tool axis vector from the center of the bottom, to the center of the top of tool geometry. 1 N , 2 N , and 3 N represent the normal vectors of the surfaces on the top, 45-degree chamfer and left, respectively. We use the following equation to calculate the side angle of the tool as θ2:
where D1 is the bottom diameter, D2 is the top diameter, and L is the length of the tool component, respectively. Fig. 9 (b) shows the geometry of the tool component. When θ1 + θ2 is less than 90˚, the tool bottom can contact the surface, and the surface is machinable. On the contrary, when θ1 + θ2 is greater than 90˚, then the surface is not machinable. After calculation, we can use the equation:
to calculate the offset vector V , which can be used to shift the machinable surfaces by the tool radius D1/2 so that we can obtain the boundaries of the interference in terms of the position of the tip of the tool component while the tool component bottom is in contact with the machinable surface. As shown in Fig. 9(a) , 1 V is not exist since the tool axis vector is same as the normal vector, 2 V and 3 V represent the offset vectors of the surfaces on the 45-degree chamfer and on the left, respectively. The workflow for calculating the interference boundaries regarding the bottom surface of the tool component is shown in Fig. 10 . In the following, we will show the interference boundaries for the two simplified worktable components: a rectangular cuboid and a 20-sided prism. When the interference object is a rectangular cuboid, as shown in Fig. 11(a) , and there are three machinable surfaces, we can calculate the interference boundaries as follows. First, we can calculate the shift vector for each surface, and then, shift the three machinable surfaces to the green surfaces, as shown in Fig. 11(b) . Then we connect the green surfaces together as shown by the red and orange connecting surfaces in Fig. 11(b) . Fig. 12 . First, we can find the machinable surfaces, as shown by the blue surfaces in Fig. 12(a) ; then, we can calculate the shift vector to shift all the Lee and Wei, Journal of Advanced Mechanical Design, Systems, and Manufacturing, Vol.13, No.2 (2019) machinable surfaces to the interference boundaries, as shown by the green surfaces in Fig. 12(b) . Then, we connect the green surfaces, as shown by the cyan and red surfaces in Fig. 12(b) . The flow to calculate the interference boundaries, based on the side of the tool component, is illustrated in Fig. 13 . Fig. 13 The workflow to calculate the interference boundaries based on the side of the tool component 10 3.2.2 Calculation of interference boundaries regarding the side surface of the tool component Lee and Wei, Journal of Advanced Mechanical Design, Systems, and Manufacturing, Vol.13, No.2 (2019) First, we find the edges of the machinable surfaces, as the thick curves shown in Fig. 14(a) . Then, we can find the shift vector P using:
where E is the edge vector and T is the tool axis vector. The relationship among the three vectors can be seen in Fig. 14(b) . Then, the edges are shifted in the direction of vector P by D1/2 to obtain the upper boundaries, and the upper boundaries are shifted in the direction of vector P by D2/2, and move in the direction of the tool axis vector by the length of the tool to obtain the lower boundaries. Sweeping from the upper boundaries to the lower boundaries yields the boundaries of the interference domain for the side of the tool component, as shown by the green surfaces in Fig. 14(c) . We can combine all the interference surfaces regarding both the bottom surface and side surface of the tool component, as shown in Fig. 15(a) . Finally, we extrude the lower boundaries to the limit plane as shown by the grey surfaces in Fig.  15(b) to complete the calculation of all the surfaces of the interference domain. As shown in Fig. 16(a) , the interference domain is based on the interpolation point. Because the initial machinable domain is based on the origin of the workpiece coordinate, we need the interference domain to be based on the same origin as well. The way to achieve this is to shift the interference domain by the vector from the interpolation point to the origin of the workpiece coordinate, as shown in Fig. 16(b)(c) . As a result, the interference domains, shown in Fig.  16(b)(c) , depict where the origin of the workpiece should not be to avoid the tool assembly colliding with the worktable. Lee and Wei, Journal of Advanced Mechanical Design, Systems, and Manufacturing, Vol.13, No.2 (2019) Combining all the interference domains corresponding to the interpolation points in the CL data file gives the total interference domain. Here we discretized the interpolation points within a tolerance of linear position, which is similar to that of rotary angle in Fig. 3. (a) (b) (c) Fig. 16 (a) The red zone is the interference domain with respect to the interpolation point on the toolpath; (b) (c) the interference domain with respect to the origin of the workpiece coordinate system, which can be obtained by shifting the red zone in (a) by the vector from the interpolation point to the origin of the workpiece coordinate system
Demonstrated example
We used one cutting toolpath in the CL data as an example to explain how we applied our proposed method to find the final machinable domain. The toolpath was to move the cutter from (0, 0, 0) to (80, 100, 70) , and the tool axis is oriented from (0, 1) to (-0.337, 0.940) . We used inverse kinematics to convert the tool axis to the angles of the rotary axes on our five-axis machine tool. Therefore, in terms of the linear and rotary axes X, Y, Z, A and C, the cutter needed to move from (0, 0, 0, 0˚, 0˚) to (80, 100, 70, 20˚, 10˚).
As described in this section previously, the first major step was to find the initial machinable domain. We determined the not-rotated, machinable domain based on the limits of the three linear axes, X, Y, and Z. Then, we needed to consider the effects of the rotary axes on this machinable domain. In this example, we used 5˚ as the step size for the rotary axes, A and C, to rotate from (0˚, 0˚) to (20˚, 10˚). As a result, there were seven intermediate angular positions for the rotary axes, (0˚, 0˚), (5˚, 0˚), (5˚, 5˚), (10˚, 5˚), (15˚, 5˚), (15˚, 10˚), and (20˚, 10˚). The machinable domains corresponding to these angular positions can be obtained by rotating A and C according to the specified angles. Finally, we calculated the intersection of the seven machinable domains to obtain the initial machinable domain, as shown in Fig. 17 . Fig. 17 Obtain the initial machinable domain by the intersection of all the machinable domains at rotatory axes (0˚, 0˚), (5˚, 0˚), (5˚, 5˚), (10˚, 5˚), (15˚, 5˚), (15˚, 10˚), (20˚, 10˚) Lee and Wei, Journal of Advanced Mechanical Design, Systems, and Manufacturing, Vol.13, No.2 (2019) The next major step was to calculate the total interference domain. We adopted the tool assembly which consists of four sections. The dimensions of them are listed in Table 2 . In this example, there were four sections of the tool assembly, five components of the worktable, as shown in Fig.  18(a) , and seven orientations of the tool along the cutting toolpath in terms of the angular positions of the rotary axes. In total, there were 140 different interference domains. In the following, we used the second section of the tool assembly, the table of the C axis shown in Fig. 18(a) , and the angular positions of the rotatory axes (20˚, 10˚) to demonstrate how we calculated the total interference domain at this configuration.
(a) (b) Fig. 18 (a) Use the worktable as a reference to rotate the tool to the specific tool axis, and (b) obtain the machinable surface from the 20-sided prism that represents the rotary table
We used Eq. (1) to calculate the side angle of the second section of the tool as 6.34˚. Then, we calculated the angles between the normal of the surfaces of the table and the tool axis. If the angle is less than 90˚ -6.34˚ = 83.66˚, then, we know that the corresponding surface is machinable. As shown in Fig. 18(b) , we used the workpiece coordinate as the reference, and then oriented the tool axis so that the angular position of the rotary axes was (20˚, 10˚). Based on the side angle of the tool and the normal of the surfaces on the C-axis table, we found the blue surfaces, as shown in Fig. 18(b) , machinable. The blue surfaces will be used to calculate the interference domains for the bottom surface and the side surfaces of the tool component.
First, we calculated the interference domain for the bottom surface of the tool component. We used Eq.
(3) to calculate the shift vector V ; then, we shifted the machinable surfaces by the tool radius 10 mm and connected all the shifted surfaces to complete the interference boundaries regarding the bottom surface of the tool component. Next, we calculated the interference domain for the side surface of the tool component. We used Eq. (3) to calculate the shift vector and shifted the edges of the machinable surface 10 mm along the shift vector by the bottom tool radius to obtain the top boundaries. We then shifted the edges of the machinable surfaces by the top tool radius 20 mm and moved it 90 mm along the tool axis to obtain the bottom boundaries. Sweeping from the top boundaries to the bottom boundaries and connecting all the surfaces yields the interference boundaries regarding the side surface of the tool component. Finally, we extruded their edges in the direction of the tool axis to the limit plane to complete the interference domain, as shown in Fig. 19(a) , which was calculated in the discretized form based on our proposed algorithm. We used CAD software to perform the same procedure, and the results are shown in Fig. 19(b) . The discretized solid, shown in Fig. 19(a) , and the Lee and Wei, Journal of Advanced Mechanical Design, Systems, and Manufacturing, Vol.13, No.2 (2019) one shown in Fig. 19(b) are basically identical, so we demonstrated that our computational method is valid. The interference domain is located where the origin of the workpiece cannot be set up because of a possible collision between the tool component and the worktable. We then found the total 140 interference domains and united them to make the total interference domain.
(a) (b) Fig. 19 The interference domain: (a) calculated by using the proposed method, and (b) obtained by using CAD software
The final major step was to subtract the total interference domain from the initial machinable domain to obtain the final machinable domain, as shown in Fig. 20 . This domain is located where the origin of the workpiece can be set up without over-limit or interference between the tool assembly and the worktable. 
Case studies
Two cases were used to demonstrate the feasibility of the proposed method. The first case was fixed-axis machining. Because there was no movement for the rotary axes, we could easily verify the correctness of the proposed algorithm. The second case was five-axis machining, in which two rotary axes rotated while the linear axes moved. For the tolerance setting, we set the tolerance of rotary angle in 5 degrees to compute within a reasonable time. Similar to the tolerance of rotary angle, we discretized the linear position in 5 mm. In both cases, we set the safety distance of 3 mm for enlarging the shape of tool to avoid collision on the edge of tool assembly and worktable. For example, we have a milling tool 6 mm in diameter and 20 mm in height. Then adding a safety distance of 3 mm results in a milling tool 12 mm in diameter and 26 mm in height. The computational environment was using Intel Xeon CPU E3-1230 (8M Cache, 3.20 GHz) with 16 GB memory equipped. For the case 1, the overall computation time was 15 sec, and for the case 2, the overall computation time was 24 min 3 sec.
Case 1: fixed-axis machining
In this case, we machined a tilted surface on a workpiece whose work envelope was about 200 mm × 200 mm × 70 mm, as shown in Fig. 21(a) . The origin of the workpiece coordinate system, which is also the origin of the toolpath, is at the triad shown in Fig. 21(a) . We used CAM software NX to generate the toolpath for machining the tilted surface, as shown in Fig. 21(c) . The machining method for the toolpath is fixed-axis machining, which means that only three linear axes are needed to perform the machining after the workpiece is oriented properly. We set up the workpiece on the worktable at the location illustrated in Fig. 21(b) . Our goal was to find the domain where the origin of the workpiece could be set up so that the machining could be performed according to the generated toolpath without exceeding the machine axis limits or colliding with the worktable. We adopted the CL data generated by the CAM software and used them for analysis. First, we found the initial machinable domain, as shown in Fig. 22(a) , without exceeding the machine axis limits by using the method proposed in section 3.1. Then, we used the method proposed in section 3.2 to find the total interference domain, as shown in Fig.  22(b) . Finally, we subtracted the interference domain from the initial machinable domain to obtain the final machinable domain, as shown in Fig. 22(c) , which represents all the possible locations for the origin of the workpiece to be set up such that the generated toolpath can be machined without violating the constraints of axis limits or colliding into the worktable. Considering several locations on the boundaries of the final machinable domain, we verified the correctness of the final machinable domain. Using the visible domain, we can easily determine where we can set up the workpiece without going through the trial-and-error process. In this case, we used five-axis machining to machine the inlet and outlet ports on the simplified cylinder head model, as shown in Fig. 23(a) . The model's work envelope was about 100 mm × 100 mm × 80 mm. There are one inlet and outlet port on each side, which are both in the diameter of 23 mm. Fig.23(b) shows the origin of the setup position related to the pallet table. The origin is the reference of the final machinable domain. The corresponding cutting toolpaths are shown in Fig. 24 , including the top of outlet port, the bottom of outlet port, the top of inlet port, and the bottom of inlet port. In this case, we used minimum -119 degrees in A axis motion during machining the bottom of inlet and outlet ports, which almost reached the negative limit of A axis, as shown in Table 1 . Using the method proposed in the paper, we obtained the results shown in Fig. 25 . The initial machinable domain, the total interference domain, and the final machinable domain are shown in Fig. 25(a) (b)(c), respectively. In this case, we only showed the part of total interference domain which is used for subtracting the initial machinable domain. As the result shown in Fig. 25 , because the cutting toolpaths were plane symmetry, the final machinable domain was also plane symmetry. In the final machinable domain, we found that at the position of x and y both equal to zero, the dexel z ranged from 79 mm to 237 mm. If we moved the origin of the workpiece to x = y = 0 and z = 79, we found that the tool tip was very close to the worktable during the machining process, as shown in Fig. 26 . Therefore, z = 79 was verified to be the lowest setup position for this workpiece when x = y = 0. Next, we moved the origin of the workpiece to x = y = 0 and z = 237. When we performed the simulation as shown in Fig. 27 , we found that the y-axis reached its upper limit, which refers to the positive limit of Y axis in Table. 1. Therefore, z = 237 should be the highest setup position at the location of x = y = 0.
We also moved the origin of the workpiece to several points to perform the simulation and found that the results using the proposed method indeed provided setup positions without having interference or over-limit problems. 
Conclusions
Five-axis machining usually requires CAM software to generate cutting toolpaths. CAM software considers the interference between the tool and the workpiece. However, in real machining, the tool, the tool holder or the spindle may collide with the worktable, or some of the axes may reach their limits before completing the cutting. To prevent such problems from occurring, we need to rely on the experience of the manufacturing engineers to set up the workpiece at an appropriate location and perform a simulation to make sure that there will be neither interference nor over-limit problems. If such problems do occur, then a new location must be selected, and the simulation will need to be performed again. Apparently, the trial-and-error method is inefficient. Sometimes, after using the trial-and-error several times, we may not even be able to find a viable solution for the workpiece to be machined by a five-axis machine tool in one setup. The objective of this research was to develop an algorithm to analyze the cutting toolpaths to build a visible final machinable Lee and Wei, Journal of Advanced Mechanical Design, Systems, and Manufacturing, Vol.13, No.2 (2019) domain in which the workpiece can be set up without interference or over-limit problems.
The method of this research includes three major steps. First, we used the travel limits of each axis on a five-axis machine tool to build up the initial machinable domain of a workpiece. Second, based on the geometry of the tool, the tool holder, the spindle, and the worktable, we found the total interference domain in which the interference will occur. The final step is to remove the total interference domain from the initial machinable domain to obtain the final machinable domain, which is the domain in which the workpiece can be set up without interference or over-limit.
In this paper, we analyzed two cases: one was the fixed-axis machining, and the other was the five-axis machining, respectively. After completing the analyses, we used commercial CAM software to conduct a simulation to verify the results. From the case studies, we verified that as long as the workpiece was set up at the locations inside the final machinable domain, there was no interference nor over-limit problems. In addition, once we moved the workpiece outside of the final machinable domain, either interference or over-limit problems did occur. These results demonstrated the correctness of the algorithm developed in this research. This algorithm can help manufacturing engineers to quickly determine the setup location of a workpiece, which can save a lot of time and cost. Moreover, the algorithm can be integrated with commercial CAM software as a crucial part for the automation from the software to the machine plant.
